Piezoelectric single crystals, which have excellent piezoelectric properties, have extensively been employed for various sensors and actuators applications. In this paper, the state-of-art in piezoelectric single crystals for ultrasonic transducer applications is reviewed. Firstly, the basic principles and design considerations of piezoelectric ultrasonic transducers will be addressed. Then, the popular piezoelectric single crystals used for ultrasonic transducer applications, including LiNbO 3 (LN), PMN-PT and PIN-PMN-PT, will be introduced. After describing the preparation and performance of the single crystals, the recent development of both the single-element and array transducers fabricated using the single crystals will be presented. Finally, various biomedical applications including eye imaging, intravascular imaging, blood flow measurement, photoacoustic imaging and microbeam applications of the single crystal transducers will be discussed.
1. Introduction
Basic principles of the ultrasonic transducer
Ultrasonic transducers operate based on both converse and direct effects of piezoelectric materials in which the vibration would be produced upon the application of a potential difference across the electrodes and then the signal would be generated when receiving an echo. Consequently, piezoelectric elements play a very important role in transducer technology. For specific applications, proper piezoelectric materials are chosen according to a number of factors such as their piezoelectric performance, dielectric properties, elastic properties and stability. The selection criteria of these mechanical layers are presented in next section.
A transducer rings at its natural frequency once it is excited by an electrical source. Since the piezoelectric material itself exhibits much higher acoustic impedance ($30 MRayl) than that of biological tissue or water ($1.5 MRayl), a substantial part of the acoustic energy would be lost at the rear interface and not directed into the forward direction, resulting in poor resolution and sensitivity, if not properly matched acoustically. The transducer is usually treated as a three-port network including two mechanical ports and one electrical port as shown in Fig. 1 .
The mechanical ports represent the front and back surfaces of the piezoelectric element and the electrical port represents the electrical connection of the piezoelectric element to the electrical source [1] . The front layer is known as an acoustic matching layer, which can improve the transducer performance significantly. Theoretical 100% transmission is shown to occur for a sinusoidal acoustic wave when the matching layer thickness approaches k m /4 and acoustic impedance of the matching layer material Z m is
where k m is the wavelength in the matching layer material, Z p and Z l are the acoustic impedances of piezoelectric material and the loading medium, respectively [2] . For wideband signal, the acoustic impedance of the single matching layer should be modified to be [3] 
Sometimes, two matching layers may be used to further improve the front acoustic matching of the transducer. The acoustic impedances of the two layers should be [3] Z m1 ¼ ðZ 
Mixing micro or nanoscale powder into a polymer is one of the common approaches to fabricate matching layers. The acoustic impedance of the matching layer can be adjusted by the content of the powder [4, 5] . The scattering effect can be minimized efficiently by choosing proper size of the powder especially for high-frequency transducers. Coating a polymer onto the piezoelectric layer is also an alternative method to fabricate the matching layer. Parylene is a common polymer which minimizes the acoustic impedance mismatch and acts as a protecting layer as well [6] .
In fact, 100% transmission is impossible for only considering the front matching layer. Due to the acoustic mismatch between the air and the piezoelectric material, the reflected wave reverberates inside the transducer element. This would cause long ring-down of the ultrasonic pulse, which is the so-called ringing effect. For imaging applications, it is highly undesirable to have a pulse with long duration. Backing layer can be used to damp out the ringing by absorbing part of the energy from the vibration of the back face. Besides minimizing the acoustic impedance mismatch, the backing layer can also act as a supporting layer of the fragile transducer element because of its relative rigid nature of the piezoelectric layer.
E-solder 3022 (Von Roll Isola Inc., New Haven, CT) is usually used as a backing layer material because of its electrical conductive nature, making it possible to be one of the electrodes of the transducer element. Besides, with its high attenuation (120 dB/mm at 30 MHz) and relatively low acoustic impedance (5.92 MRayl), low insertion loss can be achieved for the transducer with an optimal front matching layer (see Table 1 ). Since there is a compromise between sensitivity and bandwidth, sometimes for specific applications, the acoustic impedance of the backing layer may be varied. Metalloaded epoxy is another choice. By varying the content of metal powder (e.g., tungsten), the acoustic impedance of the composite can range from 8 to 20 MRayl [7] .
The function of the electrical part is to maximize the energy transmission by matching the electrical characteristics of the transducer to the electrical source and the receiving circuits. Since the imaginary part of impedance would cause severe energy loss and reduction in bandwidth, the transducer input impedance should be real and the input resistance should match that of the source and receiver for the maximal power transmission [3, 10] . In a simple way, a series or parallel inductor is used to tune out the reactive part of the impedance at the center frequency of the transducer. However, the drawback may be the deformation of the pulse shape and reduction of bandwidth. A complicated electrical matching network may be implemented at the price of more energy loss.
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The behavior of the ultrasonic transducer can be modeled using the existing one-dimensional circuit models. Among the models, the KLM model [11] is one of the popular one-dimensional models. With the KLM model, the transducer performance optimization may be understood in a more physically intuitive manner. PiezoCAD is a commercial transducer simulation software based on the KLM model, which has extensively been used in transducer design. PZFlex, a finite element analysis software, is commercially available for simulation of arrays where inter-element cross-talk must be considered.
Critical material parameters for transducer design
Since the piezoelectric materials are anisotropic with permanent polarization, their parameters are expressed in matrix notation. The x, y, z directions are indicated by numbers 1, 2, 3. Each parameter generally has two subscripts that indicate the direction of the two related quantities, such as electric field and mechanical response for piezoelectricity, stress and strain for elasticity. Taking a piezoelectric strain constant d 33 as an example, the first subscript represents an induced polarization in the 3 direction while the second one represents the mechanical response in the 3 direction. In the discipline of materials science, plenty of the parameters have to be used for describing various properties of the piezoelectric materials. Among them, three of the material properties are the most critical in ultrasonic transducer design, which are dielectric, piezoelectric and acoustic properties. The related parameters are shown as below: , the clamped dielectric permittivity; A, the area; t, the thickness; k t , the thickness-mode electromechanical coupling coefficient; e 33 , the piezoelectric stress constant; c D 33 , the elastic constant; x 0 , the resonant frequency; c p , the speed of sound inside the piezoelectric material; Z a , the acoustic impedance; and q, the density.
As the piezoelectric material itself can be considered as a capacitor, the corresponding ultrasonic transducer is a capacitor structure. According to Eq. (5), the clamped capacitance of an ultrasonic transducer is determined by the clamped dielectric permittivity, the area and thickness of the piezoelectric material. To maximize the power transmission, the input electrical impedance of the ultrasonic transducer at the designated frequency should be real and its input resistance should match the electrical impedance of the source (normally 50 X in termination). The electromechanical coupling coefficient k is an indicator of the effectiveness with which a piezoelectric material converts electrical energy into mechanical energy and vice versa. It is not a constant material parameter, but instead of depending upon the shape of the material. For example, the k coefficient of a material in a rod form is higher than that in a plate form [12] . In transducer design, a high k value is desirable for better energy conversion and improved bandwidth. Similar to k, intrinsic piezoelectric strain coefficient d also depends on the material geometry, which plays an important role to contribute the sensitivity of the transducers.
As shown in Eqs. (7) and (8), the resonant frequency and the acoustic impedance of a material are determined by the speed of sound inside itself which is an inherent property of the material. It is mentioned above that the impedance matching between the transducer and the propagating medium is very important to improve the transducer performance.
Besides selecting the appropriate piezoelectric material for a designated transducer, the configuration of the transducer element can also be tailored to approach the desired transducer performance. Piezoelectric 1-3 [13, 14] and 2-2 [15] composites are also commonly used in transducer technology. The higher k coefficients and better impedance matching can lead to higher transducer sensitivity and improved bandwidth.
The scope of the review
In this review, we focus on the design and fabrication of piezoelectric high-frequency single crystal ultrasonic transducers in various biomedical applications. Recent progress in the development and applications of piezoelectric single crystal ultrasonic transducers is presented. Section 2 reviews the single crystals commonly used for ultrasonic transducers. Section 3 presents different types of the transducers fabricated using the piezoelectric single crystals. Section 4 addresses the recent biomedical applications of piezoelectric single crystal ultrasonic transducers.
Single crystal materials for ultrasonic transducers
Due to their relatively high coupling capability and low dielectric loss, piezoelectric ceramics have been widely used in electromechanical applications [16] . Among the ceramics, Pb(Zr, Ti)O 3 (PZT) ceramics with compositions near the morphotropic phase boundary (MPB) between the tetragonal and rhombohedral phases have the most outstanding performance [17] , which become the popular choices for various high performance transducer applications. The polarizability is thought to be enhanced due to the coupling between two equivalent energy phases of the materials with the compositions near the MPB.
Another well-known piezoelectric family is lead-based relaxor family that was discovered in the 1950s [18] [19, 20] . Similar to PZT, Pb(B 0 B 00 )O 3 -PbTiO 3 materials also have their MPB regions, resulting in relatively high dielectric permittivity, large piezoelectric strain and electromechanical coupling coefficients [21] .
Besides the ceramics, piezoelectric single crystals have also been studied and developed. Unlike piezoelectric ceramics, single crystals have crystallographic axes. A plate cut with its surface perpendicular to the x-axis of a crystal is called x-cut, and so forth. The quality of the single crystals would depend on the purity of the starting materials, growth conditions and the orientation (cut direction) of the crystals.
Quartz and lithium niobate (LiNbO 3 , LN) are the traditional single crystals; however, they exhibit inferior piezoelectric performance compared to the PZT ceramics. Based on the development of relaxor-PT system in ceramic engineering, the growth of corresponding single crystals was studied. Different from the PZT systems, most Pb(B 0 B 00 )O 3 -PbTiO 3 crystals were found to readily be grown by high temperature flux technique [22, 23] . With the excellent piezoelectric and electromechanical coupling performance, the relaxor-PT single crystals have extensively been used in sensor [24, 25] , actuator [26] [27] [28] and transducer [29] [30] [31] [32] applications. As the performance of the single crystals depends significantly on the cut direction, the optimum conditions for specific applications can be tailor adjusted by the cut direction. Besides, the issues of grain size and porosity can be ignored for single crystals. The merit is significant especially for high-frequency transducer applications.
In this section, three single crystal materials including LN, Pb(Mg 1/3 Nb 2/3 )-PbTiO 3 (PMN-PT) and Pb(In 1/2 Nb 1/2 )-Pb(Mg 1/3 Nb 2/3 )-PbTiO 3 (PIN-PMN-PT) single crystals are introduced, which are commonly used for medical ultrasound transducer applications. Their growth methods and critical parameters, such as the dielectric and piezoelectric properties, for transducer applications are described as follow.
LN single crystals
LN single crystal is a well-known piezoelectric single crystal oxide material. Because of its stable and strong electro-mechanical and electro-optical coupling capabilities, LN single crystal has been extensively used in acoustic and electro-optical applications [33] [34] [35] . This material melts congruently with the composition reported to be between 48.35 and 48.60 mol% Li 2 O [36, 37] . Almost all LN single crystal produced commercially is grown with congruent compositions using the Czochralski technique [38, 39] . Since the single crystal with desired off-congruent compositions is hard to be produced by the Czochralski method due to segregation effects, vapor transport equilibrium (VTE) has also been studied to prepare the LN single crystal with controlled off-congruent compositions [40] .
Compared to the lead-based PZT materials, a 36°rotated Y-cut LN single crystal [41] exhibits a comparable electromechanical coupling coefficient (k t $0.49), a much lower dielectric permittivity (e s 33 $ 39) and a higher longitudinal sound speed (c p $7340 m/s) and higher Curie temperature [40, 42] . These characteristics make the LN single crystal an ideal and promising active element of sensitive large aperture single-element transducers. Besides the traditional single-element transducer design, inversion layer transducers have also been studied using the LN single crystal [43] . Transducers in a wide range of frequency (10-100 MHz) have been studied using this kind of single crystal. With different design configurations, the transducers exhibit À6 dB bandwidth ranging from 57% to 80% and insertion loss value ranging from 10 dB to 28 dB.
PMN-PT single crystals
PMN-PT is one of the important systems in a piezoelectric relaxor-PT family [44] . With the composition near the rhombohedral-tetragonal morphotropic phase boundary (MPB) shown in Fig. 2 [45] [46] [47] [48] , PMN-PT single crystal has extremely good dielectric and piezoelectric properties as a result of enhanced polarizability arising from the coupling between two equivalent energy states [49] . Besides, its excellent electrical properties are also significantly contributed by domain engineering as results of cutting and poling along the directions other than the spontaneous polarization direction of the single [46] . crystals [50] [51] [52] . Numerous studies have been carried out to grow the PMN-PT single crystals. Most PMN-PT crystals can be grown based on the high temperature flux technique [49, 53] or Bridgeman method [54, 55] .
With the ultrahigh piezoelectric performance (d 33 $1500-2800 pC/N) and electromechanical coupling capability (k 33 > 0.90) [49, 56] , the PMN-PT single crystals have been widely used in ultrasonic transducer technology [57] [58] [59] [60] . As the dielectric permittivity of the PMN-PT single crystals is high (e s 33 $ 800), it is highly desired for designing miniature (small aperture) transducers especially for intravascular imaging applications [61, 62] . The transducer applications will be further discussed in Section 4.
PIN-PMN-PT single crystals
Although the PMN-PT single crystal has outstanding piezoelectric performance, its relative low Curie temperature (T c $130°C) limits high temperature applications [63, 64] . Besides, as the rhombohedral-tetragonal phase transition (T rt ) appears in a temperature range of 60-95°C, the electrical properties of the binary single crystal may also start to degrade [65, 66] . Consequently, a ternary single crystal PIN-PMN-PT with a high T c of 200°C was grown from the melt directly by the Bridgman method [67] [68] [69] . The depoling temperature of the ternary single crystal was claimed to increase up to a range of 100-117°C [70, 71] . Similar to the PMN-PT single crystals, the PIN-PMN-PT single crystals also have their MPB composition [72] .
Since the PIN-PMN-PT single crystals near MPB composition have comparable piezoelectric performance (d 33 $1500-2700 pC/N; k 33 > 0.90) to that of the PMN-PT single crystals [72] , there is a recent trend towards the use of this kind of ternary single crystal for ultrasound transducer applications [73] [74] [75] [76] . Table 2 summarizes the material properties of the common single crystals used in medical ultrasonic transducers. It is shown that the electromechanical performance and dielectric constant of the LN single crystal are much lower than those of the PMN-PT and PIN-PMN-PT single crystals. Nevertheless, with its low dielectric characteristics, the LN single crystal can be used to develop relatively large aperture transducers to match the electrical impedance (50 X) for medical imaging application. Besides, the PIN-PMN-PT single crystal is shown to have comparable properties to the PMN-PT single crystal, but with much higher phase transition temperatures.
Single crystal ultrasonic transducers
Based on the applications, ultrasonic transducers are designed in a variety of forms and sizes. They range from single-element pistons for mechanical scanning, linear arrays to multi-dimensional arrays for electronic scanning.
In this section, the single-element and array transducers fabricated using the single crystals are introduced. The configurations, modeling and experimental performance of the transducers are presented. 
Single-element transducers
Single-element piston transducers are the simplest ultrasonic transducer, which only involve one active element. In general, the single-element transducers can be classified as plane and focused for specific applications. Since the nature of the plane configuration limits the lateral resolution and sound intensity, focusing is utilized to improve the lateral resolution and performance in high resolution imaging applications. Shaping the piezoelectric element or using a lens is a usual way to fabricate the focused transducers. Fig. 3 shows the schematic diagram of the lens-focused and press-focused transducers. As the LN single crystal exhibits stable performance, a study was conducted to study the configuration effect on the LN single crystal transducer [8] . It was found that the lens-focused transducers were reported to exhibit lower sensitivity due to attenuative losses and mechanical quality of the lens. Nevertheless, because of the destructive pressing effect on the transducer element, the coupling and bandwidth performance was found to degrade for the press-focused transducers [8, 34] .
Recently, an alternative method has been proposed to develop focused transducers. With a mechanical technique [57, 79] , a front surface of an acoustic stack of single crystal with a backing layer can be dimpled to give a curvature for focusing. As shown in Fig. 4 , even the material is a brittle single crystal, the dimpled surface is still smooth without the existence of any crack. Compared with the plane transducer, the transducer with a dimpled PMN-PT single crystal exhibits much larger electromechanical coupling coefficient, resulting in broader bandwidth and higher sensitivity.
Although focused transducers would give images with higher resolution, for some applications requiring miniature transducer, such as intravascular imaging [61, 80] , plane transducer elements are commonly employed as shown in Fig. 5 . It is not necessary to focus IVUS transducer because of seeing far acoustic field of vessel. Due to the limited size, the performance of the transducer including imaging resolution and sensitivity will have to be compromised.
With superior electromechanical coupling capability, PMN-PT and PIN-PMN-PT single crystals have extensively been utilized to fabricate single-element transducers. The details of the applications will be discussed in Section 4. A typical echo response of a 0.4 mm aperture PMN-PT needle transducer is given in Fig. 6 [81] . Because of the excellent intrinsic nature of the PMN-PT single crystal, the transducer was found to exhibit a high effective electromechanical coupling coefficient k eff of 0.58. A À6 dB bandwidth of 45% and an insertion loss of 15 dB were obtained with double matching layers (2-3 lm silver particles/Insulcast 501 and Insulcure 9, and parylene). The results show that both the PMN-PT and PIN-PMN-PT single crystals are promising materials for ultrasonic transducer applications. Besides the single-phase active element, biphasic composites have also been extensively studied in various sensor and actuator applications [82] [83] [84] [85] because of the outstanding performance combined with monolithic piezoelectric single crystals (or ceramics) and passive polymers. Among various types of composites, a piezoelectric 1-3 composite, consists of piezoelectric rods embedded in a passive epoxy matrix, has widely been studied for biomedical imaging applications [86] [87] [88] . Traditionally, a dice-and-fill method was employed to develop low-frequency (<10 MHz) transducers. However, due to the physical limitation of blade and brittleness of the active materials, the traditional method cannot be used to develop high-frequency (>30 MHz) transducers. With the increasing demand of high-frequency ultrasonic applications, a novel etch-and-fill technique has been developed recently [88] . With using the ICP (Inductively Coupled Plasma)-RIE (Reactive Ion Etching) dry etching technique, PMN-PT single crystal can be etched to a periodic rod pattern with a sidewall angle of >85°as shown in Fig. 8 .
The high-frequency (35 MHz) 1-3 composite with 45% single crystal volume fraction was fabricated after filled the kerfs with Epotek-301 epoxy. From the measured impedance/phase spectrum as shown in Fig. 9 , k 33(effective) of the composite transducer was calculated to be 0.81 which is substantially higher than that of the bulk PMN-PT transducer [88] . This is mainly attributed to the contribution of k 33 of the single crystal pillar configuration inside the composite. The measured pulse-echo characteristics (shown in Fig. 10 ) of the composite transducer show that the composite transducer exhibited a center frequency of 32 MHz with outstanding performance such as À6 dB bandwidth of 110% and insertion loss of 18 dB [88] .
Array transducers
Arrays are transducer assemblies with more than one element. These elements may be rectangular in shape and arranged in a line (called linear or one-dimensional array); square in shape and arranged in rows and columns (called two-dimensional array); or ring shaped and arranged concentrically (called annular array).
Compared to the single-element transducers, array transducers are desired in clinical applications because of the clinical convenience, increased frame rates and the capability to focus the beam dynamically [89] . The array performance can be enhanced by a number of schemes including electrical tuning, acoustic stack design configuration and proper material selection. 
Linear array transducers
The schematic diagram of a linear array transducer is shown in Fig. 11 . Generally, the array is fabricated by mechanically dicing a bulk piezoelectric material. To eliminate the cross-talk between neighboring array elements, a highly acoustically attenuating material is used to fill the kerf.
Both the PMN-PT and PIN-PMN-PT single crystals have been studied for array transducer applications. A 32-element linear array transducer was fabricated for performance comparison of these two single crystals [91] . Aluminum oxide loaded epoxy and polyurethane were used as the first and second matching layer, respectively. An acoustic lens was attached on the front face of the array to give a focal length of about 6 cm. It was found that the PIN-PMN-PT single crystal array transducer had a performance comparable to the PMN-PT one. However, the PMN-PT array transducer degraded beyond a phase transition temperature from rhombohedral to tetragonal (>100°C) and then malfunctioned beyond its Curie temperature (<160°C) as shown in Fig. 12 . As the PIN-PMN-PT single crystal has relatively higher transition temperatures, the array fabricated from this material presumably should be capable of enduring higher temperatures. As the main objective of the work [91] is to compare the performance of array transducers fabricated using both relaxor-PT single crystals, the concerned transducer design was not fully optimized as the commercial ones [92] . With precisely engineered transducer design, the capability of the Pure Wave crystals could be fully utilized for transducer performance, for example, >100% bandwidth.
Besides the materials study, the acoustic design configuration has also been studied by using the PMN-PT single crystal as the transducer element of a 4-MHz phased array [90] . Fig. 13 shows that the transducer was found to exhibit a strong thickness-mode resonance. The electromechanical coupling factor k 33 of the transducer approached 0.80. With using double matching layers (2-5 lm alumina particles/Epotek 301, and Epotek 301) and heavy backing layer (5 lm tungsten particles/microbubbles/Epotek 301), the PMN-PT single crystal phased array was found to exhibit a À6 dB bandwidth of 110% as shown in Fig. 14. 
Radial array transducers
Compared to the images acquired by a traditional transducer being placed directly on the skin overlaying the target organ(s), it would be much accurate and detailed while the imaging is performed inside the body. Endoscopic ultrasound is a technique which combines endoscopy and ultrasound to obtain images and information of the organs inside the body such as lung and pancreas [93, 94] . In most EUS systems, a single-element transducer is employed to be mechanically driven by a motor so as to rotate inside the endoscope to from an image by 360°scanning. Although the fabrication method of the single-element transducer is relatively easy, the imaging frame rate would be limited by the mechanical scanning system. The other alternative way is to develop a radial array transducer which provides an image by electronic scanning. It can solve the limitation of the frame rate, but raises the challenges in fabrication process.
For the radial array transducers, tiny array elements distribute uniformly on the curved surface as shown in Fig. 15 . If the transducer is fabricated using the wrapping method, the elements should be subject to a bending force so that the fragile piezoceramics are likely to be broken during the fabrication process. Excluding the fragile ceramics and low dielectric piezo polymers, polymer-based composites seem to be a good choice for being an active material of the radial array transducers.
The PMN-PT single crystal 1-3 composite fabricated using the dice-and-fill method [95] has been developed for endoscopic transducer applications [96] . To ease the wrapping process, both the matching (5 lm alumina particles/EPO-TEK 301) and backing (2 lm tungsten particles/microbubbles/LEK-0350) layers were designed to be highly flexible. As shown in Fig. 16 , the three-layer laminate with 64 array elements was wrapped on a copper cylinder to form the radial array transducer. The copper cylinder was electrically connected to the bottom electrodes of the array elements and the ground wires of the coaxial cables by using electrically conductive epoxy. After that, a 1 lm-thick parylene C (supplied by Specialist Coating Systems, Indianapolis, IN) was deposited onto the arrays as a waterproof coating. A photograph of the radial array transducer prototype is shown in Fig. 17 . Fig. 18 shows the electrical impedance magnitude and phase angle for the PMN-PT 1-3 composite radial array element. The resonance mode was strong and its corresponding effective electromechanical Fig. 15 . Schematic cross section view of a radial array transducer [96] . Fig. 16 . Fabrication procedures of a PMN-PT/epoxy 1-3 composite radial array transducer [96] .
coupling coefficient was calculated to be 0.69. The time domain receive-echo response and frequency spectrum of the single array element are shown in Fig. 19 . By picking ten array elements for measurement, the average center frequency of the transducer was found to be 6.91 MHz. The average À6 dB bandwidth was calculated to be 102%, which was much higher than that of the common commercial PZT array transducers (70%).
Biomedical applications
High resolution eye imaging
High-frequency ultrasound, which offers better resolution, has had a significant impact upon clinical imaging of the eye diseases. Single crystal based transducer is usually chosen to achieve improved imaging performance. High-frequency ultrasound allows the anterior segment of the eye to be visualized. Fig. 20 shows the ultrasound images of the human eye acquired with a 75-MHz LN transducer, which yields superior resolution over traditional transducers [97] . As shown in Fig. 20(a) , the flap is seen mainly as a discontinuity in stromal backscatter between the stromal component of the flap Fig. 17 . Photograph of a PMN-PT/epoxy 1-3 composite radial array transducer [96] . Fig. 18 . Measured electrical impedance magnitude (solid line) and phase angle (dashed line) for a representative composite array element [96] . and residual stroma. Discontinuities are seen in Bowman's layer, indicative of microfolds or breaks. Fig. 20(b) shows the image of the nasal quadrant of the anterior segment, encompassing the peripheral cornea, iris, conjunctiva and sclera as well as part of the lens. The results demonstrate that high-frequency ultrasound could provide sufficient sensitivity to visualize the detailed structure of the eye.
Intravascular imaging
Atherosclerosis is a principal consequence of cardiovascular diseases resulting in the narrowing of the arteries, which can lead to ischemia of the heart. Clinically, plaque is considered as the main determinants of luminal narrowing in atherosclerosis. Intravascular ultrasound (IVUS) imaging, which can assess the morphological properties of blood vessels directly by inserting a miniature catheter into the arteries, has been increasingly used for clinical investigations. Due to the anatomical restriction, the ultrasound transducer on the tip of the catheter must have to have a very small size, which makes it very challenge to design a high performance ultrasonic transducer. With their many advantages, single crystals are highly desired for developing miniature transducers of superior performance. Fig. 21(a) shows an intravascular image acquired by a 32-MHz PMN-PT single crystal catheter [98] . The measured À6 dB bandwidth and the insertion loss are 62.7% and 25 dB, respectively. Different layers of the artery can be clearly identified in the ultrasound image. Fig. 21(b and c) presents the intravascular Fig. 19 . Measured pulse-echo response for a representative composite array element [96] . images from porcine vessel taken by an IVUS transducer fabricated using a 1-3 composite PMN-30PT single crystal [61] . The vessel wall itself consists of a medial layer of about 2-3 mm-thickness and is lined on the inside with the intima layer of about 100 lm. The images show a significantly fine blood speckle and allow for visual differentiation of vessel structures such as the intima (Fig. 21(b) ) and stent struts ( Fig. 21(c) ).
Skin imaging
High resolution and noninvasive imaging of skin morphology and pathology is very important in dermatology. High-frequency ultrasound has become an invaluable diagnostic tool for measuring the size of tumors and inflammatory processes. For preoperative planning, the safety distance can easily be determined with the information acquired by high-frequency ultrasound [99] . In addition, skin echogenicity, burn scars, wound healing, skin aging and skin tumors can also be studied with high resolution ultrasound [100] . Single crystal based transducer can also be used for skin assessment. Fig. 22 shows an in vivo skin image acquired by a 50-MHz LN transducer with a focal length of 9.3 mm, an aperture size of 4.5 mm and a relative À6 dB bandwidth of 47%. Different layers including epidermis, dermis and hypodermis are visualized clearly by single crystal based ultrasonic transducer [101] .
Blood flow measurement
Due to high sensitivity of single crystal transducers, the blood flow pattern could be acquired with a high accuracy. Fig. 23 shows the images of low speed blood flow from an (a) animal and (b) human in vivo acquired with a PMN-PT single crystal based high-frequency (45 MHz) ultrasonic needle transducer. Fig. 23(a) presents two flow patterns from vein and artery of retina in a rabbit eye simultaneously. Blood flow in both the retinal vein and retinal artery with a diameter less than 200 lm was measured in real time [102] . The Doppler sonogram from the artery can be separated from the one in vein based on the flow directions and the flow patterns. The vein blood flow had lower and relatively constant velocity, while the artery blood flow showed a higher and pulsatile velocity pattern. Fig. 23(b) shows an in vivo spectrogram acquired from a vein at the back of a human hand. The flow pattern can be visualized with a velocity around 10 mm/s [103] . Recently, a 40 MHz PMN-PT single crystal needle transducer was also used to monitor the blood flow velocity near the occlusion site in the rabbit ear vein so as to determine the effect of sonothrombolysis [103] . A Doppler spectrogram shown in Fig. 24 demonstrates that the customized high-frequency transducer can monitor the recanalization of occluded veins of a small animal.
Besides the PMN-PT single crystal, LN single crystal was also employed for developing light weight single-element transducers for high frame rate imaging system [105] . Fig. 25 shows Doppler waveforms acquired from a four-week mouse heart. Guided by the B-mode imaging, the pulsed-wave Doppler waveforms display the blood flow in the left ventricle and aorta as shown in Fig. 25(a) and (b) , respectively.
Photoacoustic imaging
Photoacoustic imaging makes use of the physical effect of the generation of acoustic waves by the absorption of optical energy. It has been proposed for a variety of applications in biomedical field. Since the acoustic wave is the signal acquired for imaging, an ultrasonic transducer is critical component in photoacoustic imaging. Given the superior properties of single crystals, they have been recently used in the design of endoscopic and intravascular probes for multi-modality imaging that combines ultrasound and photoacoustics. Fig. 26 shows the integrated probe that produces photoacoustic and ultrasound images for in vivo endoscopy [106] . LN single crystal based focused ultrasonic transducer ($36 MHz, 65% fractional bandwidth) with double layer acoustic matching scheme was employed to improve the overall image quality, transverse resolution and signal sensitivity. Fig. 27 shows co-registered in vivo images obtained from a rat colon [106] . Three-dimensionally rendered ultrasonic-photoacoustic image was acquired. Photoacoustic imaging shows densely distributed blood vasculature in the colon wall, whereas ultrasonic imaging shows the tissue anatomy in the mucosal and submucosal layers and other mesenteric tissues entangled around the tract (Fig. 27(a) ). The right side of this image is closer to the anus, and the negative axis corresponds to the ventral direction of the animal. The red and green colors correspond to photoacoustic and ultrasonic signals, respectively. It provides high resolution vasculature information in the gastrointestinal tract and clearly shows optical and mechanical contrast differences.
Manipulation of small particles
Besides conventional imaging applications, ultrasonic transducers have also been developed for microbeam application in recent years. Ultrahigh-frequency (UHF) ultrasonic transducers that generate tightly focused microbeams can be developed as acoustic tweezers to manipulate micro-particles. Compared to the optical methods, these acoustic devices are simpler and of lower cost. The main advantages are that the acoustic microbeam is safer to the biological samples than the focused laser beam and it is capable of penetrating light opaque media.
For these applications, UHF (200-MHz) press-focused ultrasonic transducers were fabricated using LN single crystal [107] . With an f-number of 1.6, the transducer exhibited a lateral beam width of 16.8 lm, which was close to the theoretical value. Fig. 28 shows the capability of the 200-MHz microbeam devices in trapping a 5 lm single microsphere. It was shown that the single microsphere (in a red circle) was manipulated within a range of tens of micrometers along with the movement of the microbeam device. Besides the micro-particle manipulation, the ultrasound microbeam has also demonstrated the capability of other biomedical applications recently, such as measurement of red blood cell deformation [108] and breast cancer cells stimulation [109] .
Single crystal also finds value in manipulation of micro-particles with surface acoustic wave (SAW) device. Fig. 29 shows a microfluidic device fabricated by LN crystal. A pair of interdigital transducer electrodes (IDT) made of 200 nm aluminum was deposited on the LN material for surface acoustic wave generation and detection. The resonance frequency is 39.2 MHz for this design [110] . A red circle is a trapped microsphere, while a yellow dot is given as a reference point to show the location change of the microsphere (the capturing frame rate was10 frames/s) [107] . Fig. 29 . Photograph of the microfluidic device. LN crystal is used as a substrate to generate ultrasonic wave because of its high coupling coefficient [110] . demonstrates the manipulation of micro-bubble (MB) cluster with a LN-based device. The trapped MBs were moved in a square trajectory. Initially, the MBs were suspended in a solution uniformly and they were almost invisible ( Fig. 30(a) ) because the individual bubble was small and dim. When applying the ultrasonic wave, the MBs aggregated into clusters (within about 200 ms) (Fig. 30(b) ) forming a two-dimensional grid structure. Fig. 30(c) shows the enlarged image of the MB clusters inside the rectangle (dash line) and the right cluster is the virtual image caused by the aberration of the microscope. The MB cluster moved along the positive Y-axis or X-axis direction by varying the relative phase of the two acoustic sources from opposite transducers after changing the wave (Fig. 30(d-f) ). Noted that almost all the MBs were concentrated at the pressure nodes and the trapped MB clusters can be transported in parallel. Therefore, it may be possible to manipulate a large number of bioparticles in concert in the ultrasonic field based on the same principle. In addition, the number of clusters inside the microchannel can also be adjusted by changing the ultrasonic frequency [111] .
Conclusions
This article reviews the recent developments of piezoelectric single crystals for the design and fabrication of ultrasonic transducers in various biomedical applications. Three different types of single crystals including LN, PMN-PT and PIN-PMN-PT have been discussed. Because of their superior performance, the single crystal based ultrasonic transducers have been employed in a wide range of biomedical applications. Besides conventional imaging applications, these ultrasonic transducers have also been combined with optics to provide structural and functional imaging simultaneously. Moreover, recent advances on microbeam applications of the single crystal based transducers have also been discussed. It is envisioned that the role of piezoelectric single crystals in biomedical and other applications will become increasing important in the years to come.
